Observations from near-simultaneous atmospheric soundings released over contrasting land surfaces in the southwest of Western Australia during December 2005 (austral summer) and August 2007 (late austral winter or early spring) have shown higher planetary boundary layer (PBL) heights over native vegetation as compared to agricultural land. The large-eddy simulation technique is used to investigate the drivers behind these observed differences in PBL, and sensitivity tests are carried out with modified soil moisture and vegetation cover. It is shown that the differences in PBL for the December case are mainly driven by the change in vegetation cover, while a soil moisture gradient also played a role for the August case. The mixing diagram approach is used to further quantify the relative contributions of surface and entrainment fluxes on the growth of the PBL and it is shown that, while dry-air entrainment plays an important role in PBL development, it is the higher surface Bowen ratio which drives the more vigorous PBL development over the native vegetation. It is also shown that the enhanced PBL development over the native vegetation leads to the preferential formation of shallow convective clouds for the August case.
Introduction
The southwest of Western Australia (SWWA) is a region of extensive land cover change, with an estimated 13 million hectares of native vegetation cleared since the European settlement . This is illustrated in Figure 1 showing the vermin fence acting as a clear boundary between native vegetation east of the fence, and agricultural land use west of the fence (shaded). The impacts of such an extensive change in land use have been investigated via a series of ongoing micro-climatological field experiments (BuFex) (Lyons et al., 1993; Nair et al., 2011) , using a combination of aircraft and satellite data as well as standard meteorological sensors. The aircraft data have shown higher averaged sensible heat fluxes over the native vegetation due to the reduced albedo, higher surface roughness and canopy resistance, and higher latent heat fluxes over the agricultural crops due to higher transpiration during winter (Lyons et al., 1993) .
Higher sensible heat fluxes imply a more developed convective boundary layer; however, the data of Lyons et al. (1993) were over a temporal scale of days, and their results cannot easily be generalized. As such, used a combination of satellite data and a one-dimensional soil-vegetation boundary layer model to show that sensible heat fluxes are consistently higher over the native vegetation throughout the year, while latent heat fluxes are higher over the agricultural region during the growing season. Their one-dimensional boundary layer model showed planetary boundary layer (PBL) heights to be consistently higher over the native vegetation and above the lifting condensation level (LCL) during spring and summer months. Lyons (2002) further expanded on the work of using the same one-dimensional boundary layer model to show that a deeper PBL over the native vegetation leads to the preferential formation of convective clouds over this region through a moistening of the upper PBL. While these simulations highlight the role of the surface, the effect of the spatial inhomogeneity has been further reinforced by large-eddy simulations (LES) of the boundary effects of the abrupt change in land use at the fence, which have shown the formation of roll-like circulations resulting in significant horizontal heat and moisture flux (Esau and Lyons, 2002) . These rolls are estimated to accumulate up to 30% of the water evaporated within a 5 km strip of the agricultural area. Pitman et al. (2004) further expanded on the work of Lyons (2002) by using a three-dimensional mesoscale atmospheric model to investigate the impacts of land cover change on the July climate of SWWA. They showed that the decrease in precipitation can be partly explained by a decrease in low-level moisture convergence due to a change in surface roughness. More recent investigations based on individual case studies have shown that the replacement of native vegetation with agriculture results in a decrease in convective precipitation associated with cold fronts and the west coast trough (a synoptic feature which initiates summer and springtime convection in SWWA), due to a decrease in turbulent kinetic energy and moisture convergence, and an increase in wind speeds within the lower boundary layer Nair et al., 2011) . Similar studies have been conducted elsewhere. Doran et al. (1995) investigated boundary layer characteristics over areas of inhomogeneous surface fluxes, namely a semiarid grassland steppe and an irrigated farmland. They found that on days with lighter winds a thermal circulation can be set up related to the thermal contrast between the two areas, analogous to a sea breeze circulation. Ek and Holtslag (2004) investigated the effects of soil moisture on the boundary layer using a one-dimensional coupled land surface boundary layer model. They found that soil moisture has the potential to promote cloud development above the PBL provided there is sufficient instability above; sufficient initial humidity within the PBL; and that the air above the PBL is not too dry. They also found that when stability above the PBL is weak dry soil (low soil moisture) can result in higher PBL relative humidity tendency and hence cloud cover. Santanello et al. (2005) investigated the relationships between PBL development and land surface conditions using radiosonde and surface flux data over the US southern Great Plains. They found that 76% of the variance in PBL height can be explained by atmospheric stability in the layer of PBL growth, as well as soil water content. Santanello et al. (2007) combined the observations of Santanello et al. (2005) with a single-column PBL/land surface model to further investigate the feedbacks. While their results further reinforced the findings of Santanello et al. (2005) , they also found that adequate parametrizations of entrainment and the residual mixed layer are critical in quantifying PBL growth. Similar results have been found by van Heerwaarden et al. (2009) ; namely that under certain conditions the convective boundary layer (CBL) height is not only responsive to land surface properties but also to dry-air entrainment of free tropospheric air into the CBL. As such, Santanello et al. (2009) have devised a framework for quantifying land-atmosphere feedbacks based on mixing diagrams (Betts, 1992) which include a surface vector flux as well as an entrainment vector, providing a complete assessment of land-atmosphere feedbacks. Recent work by Wang et al. (2010) on the properties of a simulated boundary layer over inhomogeneous vegetation have shown that the effects of surface heterogeneity remain significant with geostrophic winds of up to 10 m s −1 and, under the right conditions, two-dimensional strips of alternating soil and vegetated surfaces can favour the initiation of deep convection. Their simulations, however, remain highly idealized.
The latest BuFex field campaign recently completed the collection of atmospheric soundings at either side of the vermin fence near the town of Lake King, at Lake King East (LKE) and Lake King West (LKW) respectively (Figure 1 ) during December 2005 (summer) and August 2007 (spring or late winter). An initial analysis of these near-simultaneous soundings have shown enhanced PBL development over the native vegetation at LKE as compared to agricultural land or bare soil at LKW on several days . The largest differences observed were on the 17 December 2005 at 1500 h (0700 UTC) and 21 August 2007 at 1200 h (0400 UTC), which were characterized by a large anticyclonic cell with low pressure gradient and accompanying clear and calm conditions, providing ideal conditions to detect changes in PBL due to land surface influences. While previous studies have already suggested mechanisms behind the enhanced boundary layer development over the native vegetation, these have been based on highly idealized LES (Esau and Lyons, 2002) , limited to one-dimensional models Lyons, 2002) , or the spatial resolution of the three-dimensional numerical models used were too large to investigate boundary layer processes in adequate detail Nair et al., 2011) . Moreover, on the case study days considered by Lyons (2002) , air above the PBL was too moist for dry-air entrainment, and the relative importance of surface versus entrainment fluxes on the development of the PBL in SWWA remains largely unexplored. Accordingly, the aim of this paper is to investigate the surface influences driving these differences in boundary layer dynamics. LES are carried out using the Regional Atmospheric Modeling System (RAMS) version 6.0 and the model is evaluated against the soundings. Sensitivity tests are then carried out with different soil moisture initialization and vegetation cover and the mixing diagram approach is applied to quantify the surface and entrainment fluxes.
Study area and field data
SWWA is characterized by a Mediterranean climate with warm, dry summers and cool, wet winters (Gentilli, 1971 (Figure 1 ) is undisturbed and in its pristine state. It is mostly comprised of Eucalyptus eremophilia species, and patches of eucalypt woodland can be found on the lower ground and Casuarina thickets on the residual plateau soils (Lyons et al., 1996) . The height of the native trees varies between 0.5 and 6.0 m and more than 75% are between 0.5 and 2.0 m high (Esau and Lyons, 2002) . There is no irrigation across the region and the overall landscape inland is flat. The predominant soil type is a duplex soil of sand over clay.
High-resolution atmospheric soundings were acquired using the National Center for Atmospheric Research (NCAR) Mobile Global Positioning Advanced UpperAir Sounding System during the first three weeks of December 2005 and August 2007 at 3-hourly intervals at two locations approximately 45 km apart near the town of Lake King, namely the Lake King West (LKW) and Lake King East (LKE) sites respectively (Figure 1 ). The soundings provided profiles of temperature, relative humidity, wind speed and direction either side of the vermin fence (i.e. the LKW site in the agricultural region and the LKE site in the native vegetation) from the surface to about 12 km. These data were collected as part of the ongoing BuFex field campaign (Lyons et al., 1993) and all soundings were subjected to NCAR data quality control. The morning soundings were used to initialize the model and the afternoon soundings were used for model evaluation (not assimilated).
Model description and initialization
RAMS is a highly versatile three-dimensional mesoscale meteorological model (Pielke et al., 1992; Cotton et al., 2003) that has been extensively used for a wide variety of applications, including LES Eastman et al., 1998; Avissar and Schmidt, 1998; Cheng et al., 2001; Bohrer et al., 2009; Angevine et al., 2010) . The latest 6.0 version was utilized and operated as a non-hydrostatic, compressible, primitive equation model with a σ z terrain-following vertical coordinate system with polar stereographic coordinates. RAMS 6.0 is coupled to a Land Ecosystem-Atmosphere Feedback Model (LEAF-3), which represents the energy and moisture budgets at the surface and their interactions with the atmosphere (Walko et al., 2000) . It incorporates the interactions between soil and vegetation and the atmosphere at a subgrid scale; see Walko et al. (2000) for detailed model descriptions.
The model grid domain was centred between the LKW and LKE sites ( Figure 1 ) and covered an area 100 × 40 km, such that both sites were in the domain and not too close to the grid boundaries. In order to adequately simulate the observed differences in PBL between the two sites (a few hundred metres), 160 vertical levels were used, with the lowest level being 20 m above the ground, and subsequent levels stretched by a factor of 1.15 to a maximum of 25 m, after which all levels were 25 m higher than the previous. The horizontal grid spacing used in LES studies of the PBL typically varies from 100 m (e.g. Cheng et al., 2001) to 500 m (e.g. Tian et al., 2003; Wang et al., 2010) . Given the large domain size and high vertical resolution used, a horizontal grid spacing of 250 m was found to be both adequate in simulating the observed differences in PBL at both sites as well as being computationally efficient. While a grid spacing of 250 m is not ideal for resolving the fine spatial structure of turbulence associated with large eddies, a grid spacing of 500 m or less is adequate for resolving convective structures within the PBL (Tian et al., 2003) , which is of interest to this study.
The model was homogeneously initialized with the mean of the LKW and LKE morning soundings at 0900 h (0100 UTC) for the 17 December 2005 case and 0600 h (2200 UTC) for the 21 August 2007 case, and integrated for 12 h. (We note that there were no major differences in the morning soundings at the two sites, and the different initialization times for the two case studies are due to the availability of soundings at different times.) The Harrington scheme (Harrington, 1997) was used for long-wave and short-wave radiation, which is the most sophisticated option available in RAMS, and explicit cloud microphysical parametrization was activated (see Walko and Tremback, 2006) . The 1.5-order closure scheme of Deardorff (1980) was used for subgrid-scale turbulence; cyclic conditions were used for lateral boundary conditions; and a rigid lid was used as the top boundary condition, with a Rayleigh friction scheme applied to the top eight layers to absorb spurious gravity waves and reduce reflection from the upper part of the simulated domain. The soil-vegetation model was activated for all runs and the vegetation biophysical parameters (albedo, fractional vegetation cover and minimum stomatal resistance) were changed to monthly values published in to better reflect the growing stage of the native vegetation and crop for December and August. This study used the same input geographical datasets as described in Kala et al. (2011) , including 9s (∼250 m) topography (Hutchinson et al., 2009 ) and the Australian Surveying and Land Information Group (AUSLIG) current and pre-European (undisturbed) vegetation datasets (AUSLIG, 1990) .
Three experiments were carried out as summarized in Table 1 . The control experiments (CNTL) were used to evaluate the model's performance in reproducing the observed differences in PBL for the two case studies. These experiments used the AUSLIG data for current vegetation conditions, except that crops were replaced with bare soil for the 17 December simulation since the harvest was completed by then. Soil moisture initialization was carried out using (Raupach et al., 2008 (Raupach et al., , 2009 ) soil moisture products. These data provide monthly means of upper (surface to 0.2 m) and lower (0.2-1.5 m) relative soil moisture (percentage of field capacity) across the Australian continent at a 5 × 5 km grid spacing. A two-week spin-up was carried out using the AWAP data and following the same model specifications as described in Kala et al. (2011) , except that a fourth nested grid was used to obtain a resolution of 1 km. The soil moisture and soil temperature output from this spin-up run was then interpolated to the 250 m LES grid. This ensured a realistic representation of initial soil conditions, which are well documented to have a strong influence on the PBL (e.g. Ek and Holtslag, 2004) . In order to investigate the influence of vegetation cover and soil moisture on the PBL, tests were carried out with horizontally homogeneous soil moisture initialization (CNTL-CM), and with pre-European vegetation cover (PRE-EU). The CNTL-CM experiment is the same as CNTL except that a horizontally homogeneous dry soil moisture profile is used with the soil moisture estimates obtained from Li and Lyons (2002) . The PRE-EU experiment is the same as CNTL-CM except that the vegetation type at LKE (wooded grasslands) is used throughout the domain. It is noted that we did not use the AWAP soil moisture dataset to carry out a separate spin-up for the PRE-EU experiment as this soil moisture product is representative of current vegetation conditions. It is also noted that several studies investigating surface influences on the PBL carry out experiments with saturated versus completely dry soils (e.g. Eltahir, 2003a, 2003b; Ek and Holtslag, 2004 ). We do not carry such experiments here as saturated soil profiles are rare in this semiarid region but, rather, focus on understanding the impacts of land cover change.
Model evaluation
The observed and simulated differences in PBL depth on and specific humidity within 1-2 g kg −1 of the observations. The simulated differences in PBL are smaller as compared to the observed differences but, nonetheless, the simulations reproduce the overall qualitative trends.
The magnitude of the differences between the observed and simulated profiles are consistent with the RAMS-LES study by , who report their simulated profiles of potential temperature and specific humidity to be within 1 K and 1 g kg −1 of the observations. However, carried out several iterations using artificial profiles, until the simulated profiles corresponded to observed profiles at a later time; imposed surface flux observations on the model; and did not activate cloud microphysical processes or the land surface scheme (these model settings were reasonable given their aims). Hence the results shown here are quite encouraging as we did not impose such constraints on the model but relied on the land surface and atmospheric parametrization schemes.
Results and discussion
Having sufficient confidence in the model's ability to reproduce the differences in PBL between the two sites, we now examine the influence of vegetation type and soil moisture on the PBL. This is illustrated in Figure 4 showing the time series of average surface sensible and latent heat flux and PBL heights (the height above the surface at which the turbulent kinetic energy becomes close to zero) for each experiment (Table 1) for the December (summer) case. Figure 4 (a) shows higher sensible heat fluxes over the LKE site (native vegetation) as compared to the LKW site (bare soil in December) for the CNTL experiment, with the latent heat fluxes being close to zero at both sites. The fluxes simulated by the model are consistent with recent observations but significantly lower than those observed in the earlier BuFex experiments (Lyons et al., 1993) . The long-term AWAP soil moisture analysis (Raupach et al., 2008 (Raupach et al., , 2009 ) shows a considerable drying out of the topsoil over this period, which has undoubtedly contributed to the lower latent fluxes observed. The higher sensible heat flux at LKE is due to the lower albedo and higher stomatal resistance of the native vegetation (Lyons et al., 1993; Lyons, 2002) , and this corresponds to higher PBL heights throughout the day. Running the model with a horizontally homogeneous soil moisture profile (Figure 4(b) ) resulted in very similar results to the CNTL experiment (Figure 4 respectively. This shows that the differences in PBL height are driven by a change in vegetation cover, rather than a soil moisture gradient between the two sites. This is further confirmed by Figure 4(c) , showing no distinct difference in sensible and latent heat fluxes and PBL heights when pre-European vegetation is used throughout the domain. Figure 5 is the same as Figure 4 , except for the August (late winter) case. fluxes and PBL heights and lower latent heat fluxes over the LKE site (native vegetation) as compared to the LKW site (crops in August). The higher latent heat fluxes over the LKW site are due to higher transpiration from crops at this location as compared to the native vegetation, which has a higher minimum stomatal resistance, consistent with previous research (Lyons et al., 1993; Lyons, 2002) . A notable feature in Figure 5 (a) is the sharp decrease in sensible heat flux from 1300 to 1400 h by almost 180 W m −2 at the LKE site. This corresponded to a decrease in incoming short-wave radiation (not shown), due to the formation of clouds as illustrated in Figure 6(a) , showing the cloud water mixing ratio at 1300 h (2100 UTC) at 2405 m above ground level for the CNTL experiment. There is a preferential formation of shallow cumulus clouds on the east side of the grid (native vegetation) as compared to the west side (crops), consistent with the aircraft observations of Lyons et al. (1993) and satellite observations of Ray et al. (2003) . This is further confirmed by visible satellite imagery shown in Figure 7 . At 1000 h (0200 UTC), there are no clouds either side of the vermin fence, but a large synoptically driven cloud band can be seen in the west, moving east. At 1100 h (0300 UTC), thin cloud bands are observed east of the fence, which develop into parallel bands at 1200 h (0400 UTC). By 1300 h (0500 UTC), the large cloud band to the west has moved over the fence.
Running the model with a horizontally homogeneous soil moisture profile ( Figure 5(b) ) resulted in the difference in PBL heights between LKE and LKW being smaller as compared to the CNTL case ( Figure 5(a)) ; namely, the mean difference in PBL height between the two sites between the CNTL and CNTL-CM experiment was 135.4 m. This is the result of a soil moisture gradient as illustrated in Figure 8 , showing the average surface (top three layers) soil moisture for the CNTL experiment. The soil moisture was higher on the west side of the grid, resulting in less of the available energy being partitioned into sensible heat, and hence lower PBL height. This soil moisture gradient is due to the AWAP soil moisture data used for soil moisture initialization having an east-west gradient in soil moisture as rainfall during winter months decreases from west to east due to the regular passage of frontal systems. In contrast, the surface soil moisture for the CNTL-CM experiment (not shown) was homogeneous at approximately 0.05 m m −3 throughout the grid. Hence the difference in PBL heights for the August case is the result of both vegetation cover and a soil moisture gradient. It is also clear when comparing Figure 6 (a) and (b) that the soil moisture gradient (CNTL experiment) results in enhanced formation of clouds over the native vegetation as compared to uniform drier soil moisture (CNTL-CM experiment). This is further confirmed in Figure 5 (c) showing no distinct difference in heat fluxes and PBL height between the two sites for the PRE-EU experiment, with nearly uniform cloud formation throughout the domain (Figure 6(c) ).
In summary, the results presented here are consistent with Lyons et al. (1993) , , Lyons (2002) , and Nair et al. (2011) . Namely, the native vegetation east of the vermin fence, with its lower albedo and higher stomatal (c) Figure 6 . Cloud water mixing ratio (g kg −1 ) at 1300 h (2100 UTC) at 2405 m above ground level for the August simulations. The crosses are the locations of LKW (left) and LKE (right) respectively and the black dotted line represents the boundary between the native vegetation and crops. This figure is available in colour online at wileyonlinelibrary.com/journal/qj resistance, results in higher sensible heat fluxes, which promotes the formation of a deeper PBL and higher chances of convective cloud formation. However, the analysis so far neglects to account for the role of entrainment fluxes which can influence the growth of the PBL (e.g. Santanello et al., 2005; van Heerwaarden et al., 2009) . In order to account for these, we apply the mixing diagram theory of Betts (1984 Betts ( , 1992 , which uses a vector representation of the diurnal coevolution of temperature and humidity to quantify the heat and moisture budgets in the PBL. The mixing diagram theory has been successfully applied by Santanello et al. (2009) to quantify local land-atmosphere feedbacks in the US southern Great Plains, using both numerical simulations and observations. The full derivation and discussion of the theory can be found in Betts (1992) .
As discussed in Santanello et al. (2009) , the evolution of the near-surface potential temperature (θ ) and specific humidity (q) is sensitive to, and integrative of, land-atmosphere processes. Hence the latter can be represented in vectorial form by plotting the evolution of θ and q in energy terms (i.e. Lq versus C p θ , where L is the latent heat of vaporization and C p the specific heat), and the entrainment and surface vectors can be computed using the initial and final values of θ and q (at ≈ 2 m), as well as the mean surface energy fluxes and PBL height during these times. For example, the surface vector for heat is defined as (Santanello et al., 2009) :
where H sfc and PBLH are the mean sensible heat flux and PBL heights respectively over the time step t , and ρ m is the density in the mixed layer. The entrainment vector is then the residual that connects the surface vector for heat and moisture to the final values of C p θ and Lq, scaled by a volume defined by PBLH. This is illustrated in Figures 9 and 10 , showing the mixing diagrams for each experiment (Table 1) for the December and August cases respectively, with the respective energy budgets shown Tables 2 and 3 . β sfc and β ent are the surface and entrainment Bowen ratios respectively (i.e. β sfc = H sfc /LE sfc and β ent = H ent /LE ent ), and their vector representation is shown as the slope of the dotted lines emanating from the start and end values of Lq and C p θ . A h and A le are the ratio of the sensible and latent heat of entrainment to that of the surface respectively (i.e. A h = H ent /H sfc and A le = LE ent /LE sfc ).
We first examine the overall shape of the Lq − C p θ curves for the December case ( Figure 9 ). There is clearly little evaporation from the surface (i.e. no clear increase in Lq during the day) for all three experiments, which is expected due to dry soil conditions, consistent with the mixing diagrams of Santanello et al. (2009) for their dry-soil experiments. The curves for the CNTL and CNTL-CM experiments (Figure 9(a, b) ) also show that the LKE site was slightly warmer and drier for the first 3-4 hours as compared to the LKW site. This can be contrasted with the curves for the PRE-EU experiment showing no difference between the two sites. The large and negative values of β ent indicate that dry-air entrainment was a dominant process at both sites for all three experiments. However, while β ent was the same order of magnitude at both sites for all experiments, β sfc was at least twice as high at LKE as compared to LKW for the CNTL and CNTL-CM experiments, but similar for the PRE-EU experiment. This is also clear in Table 2 showing that the main difference between LKE and LKW for the CNTL and CNTL-CM experiments is in H sfc , rather than H ent . It is noted that the magnitudes of β sfc are much higher as compared to those in Santanello et al. (2009) . This is because the magnitude of LE sfc (Table 2 ), but A le was higher at LKE for the CNTL and CNTL-CM experiments. This is because LE sfc was almost twice as low at LKE (wooded grasslands) as compared to LKW (bare soil). Similar trends were found for the August case (Figure 10 and Table 3 ). Namely, the overall shapes of the Lq − C p θ curves show that the LKE site was slightly warmer and drier as compared to LKW during the first 3-4 hours, B ent was large and negative, but the same order of magnitude at both sites, β sfc and A le were higher at LKE as compared to LKW for the CNTL and CNTL-CM experiments, but similar for the PRE-EU experiment, and A h was the same order of magnitude at both sites. However, there were also some differences, namely, β sfc was at least four times higher at LKE as compared to LKW (compared with twice for the December case). This can be explained by the fluxes in Table 3 showing that LE sfc at LKE was at least three times as small as compared to LKW for the August case, as compared to only twice as small for the December case (Table 2 ). The higher LE sfc at LKW during August as compared to December is due to having transpiring crops at LKW in August, as compared to bare soil. An interesting observation is that LE ent at LKE for the PRE-EU experiment was higher as compared to LE ent at LKE for the CNTL experiment (although the LKE site has wooded grasslands for both experiments). This is because the mean PBL at LKE for the PRE-EU experiment was higher as compared to the CNTL experiment due to the different soil moisture and temperature initialization used for two experiments. In summary, the mixing diagrams show that, while dry-air entrainment was an important process for all the experiments (large and negative β ent ), it is the higher β sfc at LKE which drives the higher PBL heights at this site, i.e. the change in land use and consequent increase in sensible heat flux drives the observed differences in PBL. On the case study days considered by Lyons (2002) , air above the boundary layer was too moist for dry-air entrainment to occur, and Lyons (2002) argues that it was the higher sensible heat over the native vegetation which led to the formation of convective clouds. However, this study shows that even with dry-air entrainment occurring at both sites for the August case a higher surface Bowen ratio over the native vegetation can still lead to the preferential formation of convective clouds (Figure 6(a) ). The PBL exceeds the LCL to a greater extent at the LKE site as compared to the LKW site, as illustrated in Figure 11 (a). On the other hand, for the December case (Figure 11(b) ), the PBL was higher at LKE compared to LKW, but did not exceed the LCL. Even under a drying climate, increased sensible heat flux over the darker native vegetation enhances cloud development. It is noted that the PBL is not only responsive to surface and entrainment fluxes but can also be influenced by differences in wind shear. However, observations showed no significant difference in wind shear between the two sites and, given the homogeneous initialization, this was also replicated in the simulations.
Conclusions
LES simulations are carried out using RAMS 6.0 to investigate the drivers behind higher PBL heights over native vegetation as compared to bare soil or crops observed from atmospheric soundings during specific case study days in is initialized with the morning soundings and evaluated against the afternoon soundings, and shown to reproduce the observed differences in PBL well. Sensitivity tests are carried out with horizontally homogeneous soil moisture and pre-European vegetation, and it is found that the higher PBL heights over the native vegetation is mainly driven by the higher sensible heat fluxes over this region, due to the lower albedo and higher stomatal resistance of the wooded grasslands as compared to bare soil or crops. The enhanced PBL development over the native vegetation for the August case led to the formation of convective clouds with roll-like formations, similar to the idealized LES simulations of Esau and Lyons (2002) . However, unlike Esau and Lyons (2002) , whose grid domain was limited to 6 km and only focused on the effects of a sharp vegetation boundary, this study shows that the preferential formation over the native vegetation extends well east of the fence. The mixing diagram approach is applied to further quantify the relative contributions of surface versus entrainment fluxes, and it is found that while dry-air entrainment plays an important role in the growth of the PBL it is the surface fluxes which drive more vigorous PBL development over the native vegetation. In this semiarid environment, the removal of native vegetation has clearly reduced the development of the PBL by altering surface fluxes and consequently altered cloud dynamical processes. Hence this study further reinforces previous work which has shown that land cover change may be partly responsible for the decrease in precipitation in SWWA (Pitman et al., 2004; Kala et al., 2011; Nair et al., 2011) .
